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We study quantum corrals on the surface of a topological insulator (TI). Different resonance
states induced by nonmagnetic (NM), antiferromagnetic (AFM), and ferromagnetic (FM) corrals are
found. Intriguingly, the spin is clearly energy-resolved in a FM corral, which can be effectively used
to operate surface carrier spins of TI. We also show that an observable quantum mirage of a magnetic
impurity can be projected from the occupied into the empty focus of a FM elliptic corral, while in
NM and AFM corrals the mirage signal becomes negligibly weak. In addition, the modulation of
the interaction between two magnetic impurities in the quantum corrals is demonstrated. These
prominent effects may be measured by spin-polarized STM experiments.
PACS numbers: 73.20.-r, 72.10.Fk, 75.30.Hx
I. INTRODUCTION
Spintronics and quantum information are active areas
in the modern condensed matter physics. Spin-orbit in-
teraction (SOI) has opened a door for controlling electron
spins in materials, and some semiconducting spintron-
ics devices based on the SOI have been proposed in last
decade1. Very recently, a new quantum matter phase,
named as topological insulator (TI) suggested by a se-
ries of theoretical2–7 reports, has been detected exper-
imentally in two-dimensional HgTe quantum well8 and
three-dimensional Bi2Se3-family materials
9–11 character-
ized by the inherent strong SOI. One significant issue
in such systems is that the strong SOI-induced Berry
phase (chiral spin texture)12,13 suppresses backscatter-
ing, such that the topological surface states exhibit
quantum-entanglement effects4,8,9 and could be useful for
performing fault-tolerant quantum computation14–16.
In addition, some nanoscale atomic structures, in
which the electrons are confined, have potential appli-
cations in spintronics and quantum computations. For
example, quantum corrals, which is a closed geometri-
cal array constructed by impurities on tow-dimensional
(2D) surface of materials, is a candidate for applications
in quantum information17,18. Especially, when a manip-
ulated magnetic atom is located at one focus of the ellip-
tic corral, one can detect the signature not only at this
focus but also at the empty one, which is named as quan-
tum mirage effect. Therefore, the quasiparticle interfer-
ence state around impurities is an important candidate
for these potential applications of TI materials. The ad-
vanced progress of scanning tunneling microscopy (STM)
has made it possible to probe impurity sates for various
materials, and many efforts have been devoted to this
active field. Over the past few years, quantum corrals
on surfaces of noble metals19–27 and superconductors18
have been extensively studied for exploring the surface
electron interference effects. Lots of intriguing quan-
tum phenomena have been found, including quantum
mirages18,20–23, Kondo effect24, quantum invisibility25,
electron lifetime and resonance widths26, SOI effect in
quantum corrals27 and so on. Inspired by these interest-
ing observations in corrals and the potential applications
to quantum computations of TI, in this paper we study
the quantum corrals, quantum mirages, and interactions
between two magnetic impurities located in corrals on the
TI surface. Intriguingly, some unique phenomena are ob-
served, which dramatically distinguish the present corral-
TI system from previously reported ones harnessed on
the ordinary metals or semiconductor heterostructures.
We show that an energy gap is opened in the ferromag-
netic (FM) corral, while it is not found in antiferromag-
netic (AFM) and nonmagnetic (NM) cases. Remarkably,
the spin can be energy-resolvable (-unresolvable), and the
quantum mirage is clear (unclear) in FM (AFM) corrals.
In addition, the role of NM and FM corrals in modulating
the interaction between two magnetic impurities is more
prominent than AFM ones. Our predictions, which can
be measured using spin-polarized STM28, provide to re-
veal peculiar topological quantum interference properties
of TI surface states, based on which new applications for
spintronics and quantum computations with TI systems
may be proposed.
II. MODEL AND METHOD
We model the TI surface, on which adatoms are ad-
sorbed to construct a quantum corral, by a low-energy
effective massless Dirac Hamiltonian written as
H=vF (k×σ) ·zˆ+
N∑
i=1
Vi (r) , (1)
where vF is the Fermi velocity, k=(kx, ky) is the planar
momentum, σ=(σx, σy, σz) are the Pauli spin matrices,
and N is the total number of impurities. We take Fermi
velocity vF=1, and use lattice constant a0=1 as the dis-
tance unity and E0=vF /a0 as the energy unity.
Vi (r)=(Uiσ0+
1
2
JiS·σ)δ (r−ri) (2)
2is the potential of the ith impurity located at site ri, with
Ui (Ji) the potential (magnetic) scattering strength, and
S the spin of a magnetic impurity. We define Ui (Ji=0)
for scalar impurities, while Ji (Ui=0) for magnetic ones in
all calculations. If the measurements are performed at a
temperature higher than the Kondo temperature, which
is ∼30 K in the magnetic doped Bi2Se3 nanoribbons29,
the coupling Ji will not exceed the critical value Jcr
before a Kondo effect occurs. For magnetic corrals, in
this paper we assume that the distance between impuri-
ties is large enough and the exchange coupling Ji≪Jcr,
so that the Ruderman-Kittel-Kasuya-Yosida interactions
between impurity spins and Kondo screening of the spin
S by the band electrons are neglected, and the impurity
spin acts as a classical local magnetic momentM0=JiS/2
under mean-field approximation18,30–32.
The quantum interference effects that we discuss can
be observed in measurements of the TI surface electron
local density of states (LDOS) ρ (r, E), which can be
calculated by
ρ (r, E) =− 1
pi
Im {Tr [G (r, r, E)]} . (3)
The electron Green’s function is expressed as
G (r, r′, E) = G0 (r, r
′, E) +
∑N
i,j=1
G0 (r, ri, E)
× T (ri, rj , E)G0 (rj , r′, E) , (4)
where the T−matrix is
T (ri, rj , E) = Viδi,j+Vi
∑N
l=1
G0 (ri, rl, E) T (rl, rj , E) ,
(5)
where the unperturbed Green’s function G0 (r, r
′, E) can
be obtained by the Fourier transformation of the Green’s
function
G0 (k, iE)= [iE−vF (k×σ) ·zˆ]−1 . (6)
For numerical calculations, the total Green’s function
G (r, r′, E) in Eq. (4) can be rewritten as
G (r, r′, E) = G0 (r, r
′, E) + G0T G′0, (7)
where
G0 =
(
G0 (r, r1, E) · · · · · · G0 (r, rN , E)
)
2×2N
, (8)
G′0 =


G0 (r1, r
′, E)
G0 (r2, r
′, E)
...
G0 (rN , r
′, E)


2N×2
, (9)
which denote the propagation of electrons from the STM
tip to the impurities as well as from the impurities to the
STM tip. The 2N×2N matrix T in Eq. (6) is a rewritten
form of the Eq. (5) for the T−matrix, which is given by
T = Himp +HimpG0T (10)
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FIG. 1: (Color online) ρ (r, E) as a function of E at (a)
r=(0, 0) and (b) r=(25, 0) in a NM circular corral with radius
R0=50. The red dashed and black curves are for U=0.36 and
12.0, respectively.
with the impurity Hamiltonian
Himp =


V1 0 · · · 0
0 V2 · · · 0
...
...
. . .
...
0 0 · · · VN

 , (11)
containing all of the impurity scattering potentials Vi
(i=1, · · · , N). The information about the propagation
between the impurities are included in G0, which can be
expressed as
G0 =


G0 (r1, r1) G0 (r1, r2) · · · G0 (r1, rN)
G0 (r2, r1) G0 (r2, r2) · · · G0 (r2, rN)
...
...
. . .
...
G0 (rN , r1) G0 (rN , r2) · · · G0 (rN , rN )

 .
(12)
As a result, one can obtain
T = Himp
I −HimpG0 , (13)
where I is a 2N×2N unity matrix. Finally, by using the
3FIG. 2: (Color online) ρ (r=0, E) as a function of E in an
AFM (left panel) and a FM (right panel) in circular corral
with radius R0=50. In (a) and (c), the black curves are for
total LDOS. In (b) and (d), the blue dotted (red dashed)
curves correspond to the spin-up (spin-down) component of
LDOS. Inset in (c): spatial distribution of LDOS for a FM
corral with E=0.32. We chose M0=40.0 (M0=5.0) for AFM
(FM) corral in calculations.
Eqs. (6-12), one can easily finish the numerical calcula-
tions, and then get the LDOS.
III. RESULTS AND DISCUSSIONS
We first study a circular quantum corral of radius 50
comprising 80 NM adatoms on TI surface. Comparing to
the case of clean surface, we find that the local correction
of LDOS by the NM corral is weak when the potential
is not strong enough (such as U=0.36), as indicated by
the red dashed curves in Fig. 1. With increasing the
potential strength, however, there turns to occur an im-
purity resonance peak projected at the Dirac point, as
shown by the black curves in Fig. 1, corresponding to a
sufficiently strong potential (U=12.0). Furthermore, due
to the quantum confinement and interference induced by
multiple scattering, additional peaks at other band re-
gions are found (see the black curve in Fig. 1(b) for
site r=(25, 0)). This prominently differs from the case
of a single NM impurity31 on the TI surface. The NM
resonant state at the Dirac point is doubly degenerate ac-
cording to the Kramers’ theorem32, and these peaks will
be located at the negative side for a negative potential
U . Clearly, although the resonance states appear in low-
energy regime, signatures of fundamental destruction of
the Dirac point due to the NM corral, such as an energy
gap opening, does not occur.
The time-reversal symmetry will be broken by mag-
netic impurities (we assume the impurity spins to be po-
larized along the zˆ-axis), therefore, the LDOS changes
considerably when the quantum corrals are constructed
by magnetic impurities. For this straightforward reason,
we analyze the following two cases: (i) an AFM aligned
corral with a zero total spin and (ii) a FM aligned cor-
ral. Theoretical simulations of LDOS in the presence of
an AFM circular corral on TI surface are plotted in Fig.
2(a) and 2(b). It is clear that due to the breaking of the
time-reversal symmetry, differing from the NM case, the
resonance in the center of magnetic corrals splits into
spin-polarized peaks symmetrically located about both
sides of the Dirac cone. In fact, when the STM tip is
moved from the center of corrals (i.e., r 6=0), these res-
onance states will split even more, which is not shown
here for briefness. It is found that by tuning the impu-
rity potential up to M0=5.0 the resonant states are not
clear in the AFM corral, therefore, M0=40.0 is represen-
tatively chosen in Fig. 2(a) and 2(b). In the AFM case,
at least two facts should also be noticed. For one thing,
no gap-opening at the Dirac point is found because the
total spin is zero in an AFM corral. For another, the
density of spin-up and spin-down states,
ρ↑(↓) (r, E)=− ImG11(22) (r, E) /pi, (14)
are energy-unresolvable in AFM circular corral, as shown
in Fig. 2(b).
Through comparison of the numerical results between
AFM and NM corrals, we can conclude that the role
of magnetic impurities in reshaping low-energy LDOS
should be more subtle than NM scattering potentials on
TI surfaces, which is consistent with the results in previ-
ous single-impurity studies (e.g. Refs.30,31). This argu-
ment is more remarkable in FM corrals, in which the res-
onance states are easily obtained even with a weaker scat-
tering potential. This can be seen clearly in Fig. 2(c) and
2(d), where the scattering strength is chosen as M0=5.0.
The quantum interference becomes so strong that not
only the resonance peaks become sharper, but also the
LDOS is suppressed, and especially a gap is opened over
the Dirac point. This prominent phenomenon was not
observed in both NM and AFM corrals. Surprisingly, ob-
serving the Fig. 2(d) where the blue dotted curve is for
ρ↑ (r=0, E) while red dashed one represents ρ↓ (r=0, E),
we can find that the spin is energy-resolved in FM corrals.
For example, consider the pair of resonance peaks Ω1(2)
marked in Fig. 2(d). In this case, Ω1 (Ω2) mainly arises
from impurity scattering with spin-down (-up) electrons,
which could be measured in the spin-polarized STM ex-
periments. These pure spin-resolved states allows us to
operate the spin-up or -down electrons selectively, thus
this is an excellent candidate for applications in spin
switch and magnetic storage element in nanometer scale.
A typical spatial oscillation pattern of the LDOS for a
FM corral with energy close to the experimentally acces-
sible Fermi energy is shown in the inset of Fig. 2(c).
We turn now to focus on the quantum mirage effect of
the elliptical corrals on TI surface. In Fig. 3 we present
the quantum mirages in NM [Fig. 3(a)], AFM [Fig. 3(b)],
and FM [Fig. 3(c)-(f)] corrals with 80 impurities, a=60,
4FIG. 3: (Color online) ρ (r, E) with E=0.32 for a mag-
netic impurity located at f+=(40, 0) in (a) NM, (b) AFM,
and (c) FM corrals, respectively. (d), (e) LDOS ρ (r, E) for
a magnetic impurity located at r=(35, 0) and r=(0, 0) in FM
corrals, respectively. Also, (f) LDOS in the occupied (black
curve) and empty focus (red curve) for FM corrals with a
magnetic impurity located at f+ corresponding to (c). U=5.0
and M0=5.0 were used for non-magnetic and magnetic cor-
rals, respectively.
b=45, eccentricity e=
√
7/4 and foci f±=(±40, 0). Usu-
ally, a good mirage effect is projected in certain ellipses
that have large peak amplitudes at the foci33. However,
we find that by tuning the impurity potential up to U (or
M0)=5.0 the resonant states are not clear in either NM
or AFM corrals, and thereby the quantum mirages in
LDOS at empty focus f− projected by a magnetic impu-
rity located at focus f+ are too weak to be observed as
seen in Figs. 3(a) and 3(b). Things will be absolutely dif-
ferent in a FM corral since the LDOS is suppressed and
resonant states could be easily obtained. As expected, a
quantum mirage at the empty focus, f− in a FM corral
can be clearly observed [as seen in the spatial pattern in
the LDOS shown in Fig. 3(c)]. Corresponding to Fig.
3(c), we show the spectral property of mirage versus the
energy E in Fig. 3(f), where the positions of resonance
peaks of the mirage at the empty focus f− (red curve)
are in good agreement with those at the occupied focus
f+ (black curve). Consequently, the FM quantum cor-
rals rather than NM and AFM ones can provide a good
nanoscale facility to project quantum mirages on the TI
surface. The LDOS pattern will change when the mag-
netic impurity is moved off the focus, similar to other
systems18, since different locations of the impurity give
rise to different excited eigenmodes in corrals. For ex-
ample, when the impurity is moved to r=(35, 0), a much
weaker quantum mirage is projected at f−, as illustrated
in Fig. 3(d), and the spatial oscillations in LDOS changes
completely when the impurity is placed at the center
[r=(0, 0)] as shown in Fig. 3(e). Besides, the LDOS in
the corrals with oscillating potentials will exhibit some
new features, and the quantum mirage will be destroyed
(not shown here). The quantum mirages in elliptical FM
corral on TI surface can be used to transmit information
without wires, which offers a simple technique for manip-
ulating the coherent quantum-state in real-space23, and
may open a new door for the technological realization of
quantum computers of low energy consumption by using
TI materials.
The interference between two magnetic impurities is
another interesting and important issue, which is depen-
dent on many physical factors including spatial locations,
impurity scattering strength, relative angle between two
impurities spins, and so on. We briefly discuss the influ-
ence of quantum corrals on the quantum interference ef-
fects between two spin-parallel magnetic impurities apart
2 |f+| on the TI surface. Taking into account these two
magnetic impurities, and using the same corral setup as
in Fig. 3, the calculated LDOS at the center r=0 are
shown in Fig. 4. From Fig. 4 one can find three promi-
nent features as follows: (i) the NM corral will induce
an obvious bound state peak (red curve) at the Dirac
point; (ii) the AFM corral has little influence (green dot-
ted curve); (iii) the FM corral enhances the interaction
between the two magnetic impurities (blue curve) along
with a number of resonance peaks and an opened energy
gap across the Dirac point. Therefore, we can conclude
that both NM and FM corrals (rather than AFM ones)
on the TI surface may be used to manipulate the interac-
tion between magnetic impurities. This is different from
that in superconductors18 in which the quasiparticle res-
onance is sensitive to the AFM corral.
Recently, some STM experiments about the impurity
and defects on Bi1−xSbx
13, Bi2Te3
34,35, and Bi2Se3
36
have been performed and resonance states at Dirac point
have been observed in Bi2Se3
36, where the scattering po-
tential strength is consistent with the parameters used
herein. To experimentally verify our predictions, the
spin-polarized STM tip and strong scattering potentials
are required, which we believe are achievable in current
experimental capabilities, thereby, we hope our findings
could be observed in future experiments.
Compared to an ordinary (e.g. narrow gap) insulator
or metal, the consequence of the TI that we show in this
paper is its unique quasiparticle interference states con-
fined in a corral. For example, as shown in Figs. 2(c)
and 2(d), the quasiparticle resonance states in a FM cor-
ral is highly spin resolved in energy, which fundamen-
tally distinguish the present corral-TI system from pre-
viously reported ones harnessed on the ordinary metals
or semiconductor heterostructures. These novel phenom-
ena are closely associated with the topological chiral spin
structure for TI surface states of Dirac type, and are to-
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FIG. 4: (Color online) Quantum interference in the LDOS
ρ (r, E) at r=0 generated from two spin-parallel magnetic im-
purities located at f±=(±40, 0), where the black curve repre-
sents ρ (r, E) in the absence of a corral. The red, green, and
blue curves denote the cases of NM, AFM, and FM corrals,
respectively. We chose U=M0=5.0 in calculations.
tally absent in an ordinary insulator or metal, in which
the quasiparticle interference states in a quantum corral
have been extensively studied. Different from the normal
metal surface states, the Dirac point in TI surface states
is so stable against impurity scattering that the weak po-
tential impurities cannot induce significant modification
in LDOS near the Dirac point, such as resonance states
at Dirac point. Whereas, the low-energy resonance states
due to the impurity scattering on ordinary insulator or
metal surface are easily to be observed with weaker po-
tential impurity37. Moreover, even if the Rashba SOI in
metal surface states is taken into account, the main fea-
tures of quantum corrals on normal metal Au(111) sur-
face is similar to those without SOI since the Rashba SOI
is much weaker than the kinetic energy term in ordinary
insulator or metal.
Besides, due to the single Dirac point nature, no com-
plicated intervalley scattering events occur on TI surface.
Therefore, it can be expected that in situ measurement or
even manipulation of impurity scattering processes on TI
surfaces should pave a promising way to study electronic
structures and find extraordinary quantum phenomena in
various TI materials. The effects observed above, espe-
cially induced by FM corral, may provide a useful method
to control the electron’s spin, and provides a useful cri-
terion to distinguish the aligned mode of the magnetic
corral on TI surface from other 2D systems with an even
number of Dirac points, such as graphene. In graphene,
the two components of the low-energy Hamiltonian in-
dicate the pseudospin of the two sublattices not real
spin that link to the quasiparticle momentum, while the
twofold spin degeneracy is preserved, and the spin does
not couple to magnetic impurities directly in graphene.
Consequently, no net spin-polarized LDOS or chirality
will be observed in graphene even if the intervalley scat-
tering is ignored.
IV. CONCLUSIONS
In summary, we have studied electron interference in
the LDOS induced by NM, AFM, and FM quantum cor-
rals on a TI surface. We have found that the impurity
resonance states are much easier to occur in a FM corral,
in which the resonant peaks become much sharper with
increasing the magnetic impurity potentials, so that the
LDOS is suppressed and an energy gap at the Dirac point
is opened. Especially, the spin-up and spin-down LDOSs
are well energy-resolved in a FM corral, which may be
useful for spin selection and developing spintronics de-
vices in TI. Furthermore, a quantum mirage of a mag-
netic impurity bound state is projected in a FM elliptic
corral, while for the NM or AFM corrals it is too weak
to be observed. In addition, we have also discussed the
interaction between two magnetic impurities in quantum
corrals. Interestingly, this interaction is prominently en-
hanced in NM and FM corrals, rather than in an AFM
one. These effects may offer new guide in manipulating
topological surface states, as well as potential applica-
tions for spintronics and quantum information.
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